Objective: Constrictive arterial remodeling following balloon angioplasty has been related to adventitial collagen accumulation and subsequent thickening and can be prevented by matrix metalloproteinase (MMP) inhibition. Following balloon dilation, we examined the effect of MMP inhibition on collagen turnover and the relationship between adventitial area and degree of constrictive remodeling. Methods: In 12 non-atherosclerotic landrace pigs, balloon dilation was performed in 39 peripheral arteries with and without MMP inhibition. Follow up with intravascular ultrasound was performed at 42 days. Collagen content was quantified using polarized light and digital image microscopy. Procollagen expression was determined using immunochemistry and Western blotting. Results: In the MMP inhibitor group, constrictive remodeling was inhibited at 42 days follow up. In control and MMP inhibitor groups, a positive relation was observed between adventitial thickness and degree of constrictive remodeling (P,0.001). Adventitial thickening and adventitial collagen content were reduced in the MMP inhibitor group (P50.002 and P50.001, respectively). Procollagen immunostaining, but not protein analysis on Western blotting, was decreased in the MMP inhibitor group. Conclusion: MMP inhibition impaired adventitial thickening by reduction of collagen content 42 days after balloon dilation. This might explain its inhibitory effect on constrictive remodeling. 
. Introduction
results in an increase of collagen at the site of injury. Bakker et al. [9] suggested that constrictive remodeling Constrictive arterial remodeling is the major determinant follows chronic vasoconstriction by reposition and crossof restenosis following balloon angioplasty. Earlier prolinking of fresh collagen in the arterial wall. posed explanations for constrictive remodeling are based Matrix metalloproteinases (MMPs) play important roles on adventitial changes following arterial injury [1] [2] [3] .
in physiological as well as pathological processes includHypercellularity of the adventitia, myofibroblast formation ing collagen turnover [6] , restenosis [6, 10, 11] , and heart and fibrosis have been observed together with subsequent failure [12, 13] . Their activities increase after balloon thickening of the adventitia [2] . Lafont et al. [4] demonangioplasty [7, 14] . Previously, we demonstrated that oral strated that the ratio of adventitial area to the area of MMP inhibition significantly inhibits constrictive arterial intima1media at the lesion site correlated with chronic remodeling following balloon dilation in favor of both constriction. Moreover, enhanced collagen breakdown and neutral -and expansive remodeling [10] . With intravascusynthesis are important features in arterial remodeling in lar ultrasound (IVUS), we showed that only a short the first weeks following balloon angioplasty [5] [6] [7] [8] , which duration (14-28 days) of MMP inhibition is sufficient to block the constrictive remodeling response at 42 days follow up [11] .
The mechanisms underlying inhibition of constrictive balloon / artery ratio of approximately 1.2, the balloon was remodeling by MMP inhibition are unknown. Differences inflated three times for 1 min at a pressure of 6-10 atm. A in collagen accumulation might explain the altered recontinuous infusion of nitroglycerin (20 mg / min) was modeling response. In the present study, we determined the given to prevent arterial spasm. To assess arterial remodeleffect of MMP inhibition on collagen turnover by assesing, intravascular ultrasound (IVUS) was performed before sing collagen content, density and procollagen expression intervention, immediately after intervention and at follow in MMP inhibited and non-inhibited porcine vessels that up, using a 4.1 F, 30 MHz ultrasound catheter with an  were obtained after balloon dilation. Furthermore, we axial resolution of 0.1 mm (Princeps , DuMed / Endoassessed the relationship between adventitial area and the Sonics, Rijswijk, The Netherlands). Fluoroscopy was degree of constrictive remodeling at 42 days following performed during IVUS in order to document the location balloon dilation for both the control and the MMP inhibitor of the images relative to an anatomic landmark for group. adequate matching. After angiography and IVUS at follow up, the animals were euthanisized by an overdose of pentobarbital. Vessels were harvested, snapfrozen in liquid 2 . Methods nitrogen and stored at 280 8C until further analysis.
.1. Animal model .4. IVUS-analysis
Twelve non-atherosclerotic landrace pigs with an averThe IVUS images were analyzed at regular intervals age weight of 20 kg were studied. Balloon dilation was (every 0.5 cm). In each IVUS image, lumen area (LA) and performed in femoral and internal iliac arteries. Animals vessel area (VA) were measured as before [10, 11] . were treated with a MMP inhibitor or served as controls.
Anatomic landmarks were used to match the imaged Arteries (n539) were harvested at 42 days (seven control, locations at different time-points. Untreated segments five MMP inhibitor pigs) follow up. • Loss in VA, being a measure of remodeling5VA post twice a day, starting 1 day prior to the intervention. An intervention2VA follow up. unpublished dosimetry study in landrace pigs in our lab
• Remodeling Index (RI)5VA follow up / VA post interestablished that a dose of 10 mg / kg Marimastat twice a vention. A value of .1 indicates expansive remodeling. day would give exposure of 100-200 ng / ml plasma, a A value of ,1 indicates constrictive remodeling. concentration that had previously been effective in animal models of cancer. In a previous study [10] , 1-10 ng / ml 2 .5. Histomorphometry and quantification of collagen functional Marimastat was detected in vessel extracts of content Marimastat treated animals.
Quantification of total collagen content and collagen 2 .3. Intervention density was performed in intima, media and adventitia using picro Sirius red staining and digital image microBalloon dilation was performed as described previously scopy with circularly polarized light as described by [10, 11] . In short, the arterial tree was accessed through a Smeets et al. [15] . In short, a picro Sirius red image was carotid approach. For balloon dilation, a standard peripherconverted into a grey value image. Regions of interest al balloon catheter (Cordis, Opta 5, length 2-4 cm, (ROI) were drawn to select the different arterial layers. diameter 4-6 mm) was used. In the femoral arteries,
The total amount of grey values in each layer was balloon dilation was performed approximately 1 cm distal determined for total collagen content. Collagen density to the lateral femoral circumflex. In the internal iliac was calculated by dividing the collagen content in each arteries, the mid-segments were balloon dilated. With a layer by the cross-sectional area of this layer.
Per dilated segment, two cross sections were selected at by goat-anti-mouse (DAKO A / S Denmark In both the control and the MMP inhibitor group, an RT and washed three times in PBS. Incubation with the inverse relation was observed between adventitial area secondary antibody goat anti-mouse peroxidase (1 / 250, index and the remodeling index at follow up (Fig. 1 , DAKO A / S Denmark) in 1% PBSA containing 5% normal p#0.005). Note the smaller averaged adventitial area index swine serum was for 1 h at RT. Visualization of the sections was performed with diaminobenzidine (DAB). Negative controls were carried out with IgG isotype or by 1 omitting the primary antibody. At the site of maximal injury, the sections were analyzed quantitatively by light microscopy using Sis-analysis 2.1 software. Sections were carefully studied and color thresholds were set and adjusted until the computerized detection met the visual interpretation of positive staining. For all cross-sections, the intima, media and adventitia were analyzed separately. The degree of procollagen staining was expressed in percentage of unit of intima / adventitial / medial area.
.6.2. Western blotting
To quantify procollagen, protein was isolated using TriPureீ Isolation Reagent (Boehringer Mannheim). Same amounts of proteins (5 mg) were separated on a 6% in the MMP inhibitor group: mean adventitial area index 0.2160.03 versus 0.3960.04 in the control group (P5 0.001). Fig. 2 shows the relation between the degree of injury and adventitial area for control and MMP inhibitor groups at 42 days follow up. In both groups, adventitial area increased with increasing injury score. A smaller adventitial area was observed in the MMP inhibitor group irrespective of injury score. Fig. 3 demonstrates total adventitial collagen content, as well as its two determinants, adventitial collagen density and adventitial area for both the control and the MMP inhibitor pigs at follow up. In the control group, an increase in collagen content and adventitial area was observed in the dilated segments compared with the nondilated segments (total adventitial collagen content: 6 2 210630 grey values * 10 , adventitial area 2.9603 mm , 2 collagen density 69.464.1 grey values / mm in non-dilated segments) (total collagen P,0.0001, adventitial area P5 0.001). In the MMP inhibitor group, however, total collagen at 42 days follow up was lower due to a smaller adventitial area (P50.001 and P50.002, respectively). In all layers of both control and MMP inhibitor groups, the area of procollagen expressing cells was increased following balloon dilation at 42 days (media 0.360.1 versus 6.061.3% and adventitia 0.760.2 versus 2.560.4% in non-dilated arterial segments and control dilated arterial segments, respectively). MMP inhibition resulted in less procollagen stained cells in the media (3.761.3%, P5 groups) (data not shown). Values are mean6S.E.M., total collagen (total) in grey values * 10 , collagen density in grey values / mm , area in mm .
. Discussion
al. [18] demonstrated in mouse embryo fibroblasts cultures, that members of the metalloproteinase family (bone morThe principal findings of the present study are (1) in phogenetic protein 1-related) process pro-lysyl oxidase and both the control and the MMP inhibitor group, a positive control lysyl oxidase activation. Lysyl oxidase catalyzes relation between adventitial area and the degree of conthe final enzymatic step required for collagen and elastin strictive remodeling was evident at 42 days follow up; (2) cross-linking in extracellular matrix biosynthesis. Changes after MMP inhibition, total adventitial collagen content in the process of cross-linking of collagen molecules are and adventitial area were significantly reduced at follow associated with defects in the biomechanical stability of up; (3) the reduction in collagen content could not be the extracellular matrix and might result in enhanced explained by a reduction in collagen density or altered breakdown of the adventitia which is the layer containing procollagen expression at protein level.
most collagen in the vessel wall. The adventitia is the first layer to respond to injury and is assumed to play an essential role in constrictive arterial 4 .1. Limitations remodeling following balloon angioplasty [1] [2] [3] . Three to 7 days after injury, the adventitial layer becomes hyOne must keep in mind that MMPs play an important percellular due to the proliferation of fibroblasts [2] .
role in several other processes besides collagen turnover, Between 7 and 14 days, the adventitial fibroblasts change like amplification of the initial signaling coagulation into myofibroblasts, followed by accumulation of collagen pathway, and in the absorption and utilization of dietary containing scar tissue within the adventitia [2] . These proteins. It is unknown how these actions affect the injury changes are accompanied by thickening of the adventitial response and other systems of the body. layer. In the present study, constrictive remodeling was
The comparison between histology and IVUS is limited observed in the control group at 42 days following balloon by the fact that the vessels were not pressure-fixed after angioplasty. In the MMP inhibitor group, however, consacrifice, whereas the IVUS measurements were performed strictive remodeling was significantly reduced (82%) at 42 at arterial blood pressure. Post mortem shrinkage of the days follow up. In both control and MMP inhibitor groups, pathology specimens, in part by preservation and staining the adventitial area index was inversely related with the techniques, may confound these observations, but might remodeling index. However, adventitial area at 42 days expected to be similar among groups. was smaller in the MMP inhibitor group, which might Animals were terminated at 6 weeks after intervention. explain the inhibitory effect on constrictive remodeling.
This duration of follow up merits careful consideration. It This reduction in adventitial area could not be explained was assumed that this time frame reflects the 6 months by less severe injury, since adventitial area in the MMP follow up in humans. We cannot exclude that the remodelinhibitor group appeared smaller compared to the control ing response continues after 6 weeks which could affect group for all injury score categories. In addition to the the observations of this study. smaller adventitial area in the MMP inhibitor group at 42
In conclusion, constrictive arterial remodeling following days follow up, a lower total adventitial collagen content balloon angioplasty was positively related with adventitial was observed. Although the area of procollagen producing growth. MMP inhibition significantly reduced total adcells was reduced in the MMP inhibitor group, on a protein ventitial collagen content at 42 days follow up due to a level, altered procollagen expression did not differ among significant reduction in adventitial area, which might groups. Enhanced breakdown might be an alternative explain the inhibitory effect of MMP inhibition on conexplanation for the altered collagen content by MMP strictive arterial remodeling. inhibition. However, this is very unlikely since MMP inhibitors are known to inhibit collagen breakdown [16, 17 ]. Yet, it seems that MMPs are involved in collagen production or cross-linking apart from its role in collagen A cknowledgements breakdown. This hypothesis is supported by the study by Strauss et al. [6] that showed that MMP inhibition reduces This study was supported by grants from the Sorbo collagen content in the injured rabbit vessel wall. Uzel et Foundation, the Netherlands Heart Foundation (99209) and
